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Fig. 22. Measured absorbed power patterns in cat brain due to micro-
wave radiation from 918-MHz aperture source (spacing 8 cm with
1-W input power).

applied to the head have more of an effect on the later latency.
The changes are reversible and have time constants that
seem to be directly associated with the thermal effect of micro-
waves, provided the temperature does not exceed 42°. The
threshold for both temperature changes and latency changes
was found to correspond to a maximum power absorption
level between 2.5 and 5.0 mW/cm?® at the center of the brain.
Table IIl indicates that this corresponds to an indicated
power density of 3.0 to 6.0 mW/cm? as measured in the un-
occupied stereotaxic support by the Narda monitor. It would
take a plane wave power density of 5 to 11 mW/cm?, however,
to produce the same maximum power absorption in the human
brain, assuming it can be represented by the simple model
illustrated in Fig. 4. On the other hand, Fig. 5 indicates it
would take an incident power density of only 0.5 to 1.0
mW/cm? at a frequency of 2450 MHz to produce the same
maximum power absorption in the animal head represented
by a 3-cm-diameter sphere.

E. Medical Applications

The medical applications of microwaves can be classified
into two areas—heating of tissues and diagnostic. The former
includes the most historic application, diathermy or thera-
peutic heating of tissues, and newer applications, including
rewarming of refrigerated whole blood, thawing of frozen
human organs, production of differential hyperthermia
(elevated body temperature) in connection with cancer treat-
ment, and rapidly reversing a patient's hypothermic state
(low body temperature) in connection with open heart
surgery. Diagnostic applications include dielectric constant
measurements to assess the properties and condition of certain
biological tissues and reflectance and transmission measure-
ments to assess significant parameters such as blood or respira-
tory volume changes.

I) Diathermy: The oldest application of microwaves to
medicine is “diathermy,” a clinical technique used to achieve
“deep heating,” i.e., heat induced in tissue beneath the skin
and subcutaneous fatty layers. Sufficient deep heating can
elevate the temperature to the point where therapeutic bene-
fits are achieved through local increases in metabolic activity
and in blood flow by dilation of the blood vessels. The bene-
ficial results are believed to arise from the stimulation of
healing and defense reactions of the human body. Diathermy
has been used successfully in the treatment of musculoskeletal
diseases, such as arthritic and rheumatic conditions, fibrositis,
myositis, pain, sprains and strains, and many other ailments
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too numerous to mention here. A complete treatment of the
subject is covered in a work by Licht {78]. The deep heating
cannot be obtained with heating pads or infrared rays, but
must be accomplished by the transformation of certain forms
of physical energy, such as ultrasound, radio, or micro-
wave, into heat beneath the subcutaneous fat layer. Both
microwave energy and uitrasound produce the required heat-
ing in the deeper tissues, though lately ultrasound appears as
the most popular method due to its deeper penetration. Part
of this stems from the historic poor choice of a microwave
diathermy frequency of 2450 MHz discussed previously.
Clearly, the presently used frequency does not provide a good
method for achieving deep heating with minimal surface
heating. This problem has been discussed in great detail by
Schwan [45], [46]. There is considerable room for improve-
ment of diathermy through the application of more sophisti-
cated microwave and clinical techniques.

2) Differential Hypothermia in Cancer Treatment: Re-
search on 2 new application of microwave heating of body
tissues in the treatment of cancer is now being conducted [4].
The technique involves the use of microwaves to selectively
and uniformly heat the cancer or tumor area while the re-
mainder of the body is maintained in a hypothermic condi-
tion 25°C below normal body temperature. A very toxic anti-
cancer drug is then administered to the subject. The cooler
tissues will absorb very little of the drug while the warmed
tumor will have a metabolic rate that allows a significant
amount of the drug to be absorbed. Through the combined
use of selected frequencies, dielectric-loaded waveguide aper-
tures, and surface cooling, controlled heating patterns can be
applied to the cancer area. Recent experiments on mice indi-
cate that 75 percent of the tumors disappear after 4 to Sh
of treatment.

J) Warming of Human Bloed: The warming of refriger-
ated bank blood from its 4° to 6°C storage temperature to
body temperature prior to transfusion is important to prevent
dangerous cardiac and general body hypothermia. This has
been done in the past by passing the blood through a long
small-core plastic tubing that is coiled in a thermostatically
controlled water bath. The heat exchanger offers considerable
resistance to the blood, slowing down the rate of transfusion
which presents problems when rapid blood replacement is
necessary. Restall et al. [3] has developed a microwave blood
warmer that will heat a unit of blood (approximately 500 ml)
in its original plastic container from 4°~6°C to 35°C in 1 min.
This warmed blood can then be rapidly administered to the
patient since both the viscosity has been lowered and the
warming coil eliminated. The unit is warmed by rotating it
in a microwave cavity driven by a 2450-MHz 1000-W magne-
tron. Extensive laboratory tests indicate no deleterious effects
in the blood. Transfusions to 37 volunteer patients also indi-
cate no abnormal effects.

4) Rapid Elimination of Hypothermia: A standard tech-
nique used in open heart surgery is to reduce the body tem-
perature in order to induce a hypothermic state prior to
surgery. Hypothermia slows down the metabolic rate of the
body cells so that nutrients and oxygen requirements are
reduced sufficiently to allow the heart to be stopped for sur-
gery. Surface cooling is desired prior to surgery since the
peripheral body cells are cooled before the body core tempera-
ture is reduced to the point where the blood cannot provide
nutrients and oxygen. During the rewarming stage aftes
surgery, however, core heating is desired so that blood tem
perature is sufficient to allow proper metabolism prior to th
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Fig. 23. Comparison of cardiac ventricular volume change with
recorded microwave transmission loss through chest cavity.

rewarming of peripheral cells. If surface heating is used,
peripheral cells will require oxygen and nutrients at a level
that the blood cannot provide due to the lower body core
temperature. Core heating can be provided for adults and
large children by pumping the blood through heat exchangers.
This is a time-consuming process, however, that restricts the
total time allocated for surgery. This type of core heating
cannot be used for infants below a certain size due to physical
limitations of the apparatus. Microwaves do offer a method
for rapidly achieving the core heating for any size patient
by selectively heating certain portions of the body. Experi-
ments have just begun on the development of such a device
by Guy.

5) Rapid Thawing of Frosen Tissues: Rapid thawing of
human organs or other biomaterials such as semen which
are cryopreserved can be accomplished with microwaves
[79], [80]. Many studies have shown that an increase in the
survival of biological materials is associated with rapid
thawing rates. With proper developmet of microwave appli-
cators, thawing rates up to 10 times faster can be achieved
over conventional methods.

6) Diagnostic Studies: Moskalenko [{81], {82] has formu-
lated methods for assessing the changes in microwave or
shortwave reflectance and transmission which are caused by
significant parameters such as blood or respiratory volume
changes. Guy has demonstrated the feasibility of Moskalenko's
method by measuring the transmission loss of a 915-MHz
microwave beam as it passes through the human chest. Fig.
23 illustrates that the variation in microwave loss is propor-
tional to the ventricular volume changes in the heart. The po-
tentialities of this approach appear very favorable. Lonngren
[83] has been able to determine the degree of pulmonary
emphysema in postmorten analysis of a lung by measuring
the dielectric properties of the dried diseased portions. This
technique can also be applied to study the composition of
many biomaterials whether in small samples or in a living
subject. A great deal can be learned about the composition of
biomaterials and biological systems through measurements of
their electrical properties at microwave frequencies. An ex-
ample is the strong dependence of the refraction index and
absorption characteristics of various tissues on their water
content. Thus it is theoretically possible to assess the water
content of subcutaneous fat in a living subject without pene-
trating the skin. Another possibility is the analysis of bio-
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logical membrane systems with respect to the role of struc-
tured or bound water in their function by measuring the re-
fractive index and absorption characteristics [84]. Other
applications are the large-scale modeling of certain molecular
structures of macro-molecules so that some of the dynamic
reactions observed at optical frequencies can be more easily
studied at microwave frequencies. The optical activity of
certain biological helical molecules prompted several studies
involving model systems of copper helices exposed to elec-
tromagnetic radiation [85], [86]. Certain aspects of the ther-
moregulatory system can be studied by using microwaves as
a controlled source of heat [87]~[90].

I11. OpTicAL EFFECTS
4. Introduction

Optical radiation plays a very significant role in mankind.
On the whole, man is very well adapted to the sun's optical
and infrared radiation and depends on it for warmth, the
processing of food through photosynthesis, and as the principal
source of sensory information through the eyes. Optical
hazards to man are few, and mostly come from artificial
sources such as lasers. The ultraviolet portion of the spec-
trum can cause superficial cell damage (sunburn).

Despite the important role of optical energy in the animal
and plant world, its use in medical and biological applications
has been limited. Examples include quantitative biochemical
analysis in the clinical chemistry laboratory, optical and elec-
tron microscopy, endoscopy (including the use of coherent
fiberoptic bundles for probing in the body), spectroscopy,
and holography. New principles, techniques, and devices,
such as lasers, light-emitting diodes, fiberoptics, optical data
processing, holography, integrated optical circuits, photo-
transistors, etc., are now available which are expanding the
use of light in biological applications.

Of particular interest in this paper are the optical propa-
gation characteristics in biological materials. We will not
generally be concerned with cell damage and hazardous effects
that are confined to the UV spectrum or high intensities.
These are described elsewhere [10]. Optical propagation in
biological materials is dominated by scattering, because the
cellular structure creates medium inhomogeneities of the
order of an optical wavelength. There are many optical ab-
sorption peaks caused by a variety of biochemical molecules
which create a variable optical absorption as a function of
wavelength. These combined scattering and absorption
properties will be illustrated for some selected biomaterials,

and an analytical foundation will be laid for describing these
effects.

B. Biological Materials

It is important to know some of the characteristics of
cells and tissues in the human body in order to appreciate the
optical wave interactive processes that can occur. Very little
will be said about anatomical configurations; the interest here
is primarily in tissue and cellular structure.

I) Celis: Cells come in all sizes and shapes, and are com-
monly several microns in diameter. Muscle cells may be a
few millimeters long, and nerve cells over a meter long. The
gross characteristics of a cell include a thin membrane that
holds the cell together, cytoplasm which is a gel-like material
within the membrane, and usually a nucleus. Within the cyto-
plasm are several types of smaller structures called organelles
which perform specific metabolic functions. Vesicles partition
the cell interior so that materials may be separated and com-
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partmentalized for specific chemical reactions. Organelie
sizes vary from fractions of a micron up to a micron, and are
thus close to optical wavelengths. Cell membranes are ap-
proximately 75 A thick.

2) Tissues: Cells are grouped together and combined with
other materials to form several characteristic types of ma-
terials called tissues. There are four basic tissues types—
epithelial, connective, muscular, and nervous.

Epithelial tissue consists of cells in single or muitilayered
membranes that cover or line a surface. Epithelial tissues
perform the functions of protection and regulation of secre-
tion and absorption of materials. Simple squamous tissue is a
single layer of flat cells, commonly used in blood vessels
where a very thin lining is necessary to allow rapid diffusion
of electrolytes. Cuboidal and columnar tissues are constructed
from cells of cube and column shapes, and are found in air-
ways, the digestive tract, and the bladder.

Connective tissue consists of cells and nonliving materials
such as fibers and gelatinous substances which support and
connect cellular tissue to the skeleton. Connective tissue
comprises much of the intercellular substances that perform
the important function of transporting materials between
cells. Specialized examples of connective tissue are bone and
cartilage. Subdermal connective tissue contains collagen and
elastic fibers which give the skin its mechanical properties
of toughness and elasticity.

Muscle tissue consists of cells that are 1-40 mm in length
and up to 40 p in diameter. Muscles contain an extensive
blood supply, and are thus filled with blood vessels and
capillaries with their attendant connective tissue. A large
group of muscie fibers are commonly bound together in a
sheath. Skeletal muscle has a regular internal striated fine
structure due to an ordered array of protein filaments of the
order of 100 A in diameter and 1-2 g long. This structure
has been used as an optical diffraction grating to measure the
filament lengths, spacings, and motion during muscle con-
traction.

Nervous tissue is used to sense, control, and govern body
activity. It consists of nerve cells called neurons. Neurons
have long projections called axons, which are very analogous
to transmission lines. Neurons are located in every portion
of the body, sending information to the CNS from a variety
of information receptors, and from the CNS to muscles,
organs, glands, etc.

3) Erythrocytes: The normal shape of the erythrocyte
(red blood ceil) is a biconcave disk. There are no internal
organelles or supporting structures in the mature erythrocyte,
thus the biconcave shape is due to a variety of other factors
such as molecular and chemical constitution, membrane
properties, and osmotic pressures. The erythrocyte broad
diameter is about 7 g and its thickness varies from 1 g in the
center to 2 p near the edges. The cell consists of hemoglobin
molecules packaged in a thin membrane. A principal function
of the erythrocyte is to absorb and release oxygen and carbon
dioxide at the cell surface, and the biconcave shape is an ideal
one for this purpose. The erythrocyte contains no nucleus, and
may not divide to form new cells. Erythrocyte formation
occurs in the bone marrow. Young erythrocytes are con-
tinually being fed into the blood stream and old ones ab-
sorbed and reprocessed in the liver. Under normal conditions,
there are approximately 5X10% erythrocytes per mm?. About
40 percent of the volume of whole blood consists of erythro-
cytes; the remaining 60 percent is a nearly transparent solu-
tion of water and salt with a variety of electrolytes and pro-
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Fig. 24. Optical absorption spectrum of hemoglobin and oxyhemoglobin
plotted in terms of specific absorption coefficient x versus wavelength.
The difference between the two curves causes the change in color of
blood asits oxygen content changes and makes possible optical spectro-
scopic techniques for measuring oxygen saturation.

tein molecules. The volume percentage of erythrocytes in
whole blood is called hematocrit H.

C. Optical Properties of Biological Materials

Very little is known about the optical properties of most
biological materials. There is considerable data on hemoglobin
solutions and whole blood, some data on skin, and some inter-
est in cellular effects [91]-[95]. Ultraviolet irradiation has
been a subject of interest for many years due to the hazards
involved {96], {97].

1) Blood: Light has been used for many years to deter-
mine the oxygen content in blood. The normal healthy pink
appearance of a person compared to a grey color or “blue
baby” is a common diagnostic tool based on optical spectro-
scopic effects in blood. Erythrocytes contain hemoglobin
molecules, Hb, which are easily oxygenated to oxyhemoglobin
malecules HbO,. An important parameter is oxygen saturation
OS, defined as the ratio of HbO: to total hemoglobin. There is
an index of refraction discontinuity between the erythrocyte
and its surrounding plasma medium (about 1.40 to 1.35) [98],
thus scattering occurs which complicates the optical measure-
ment of hemoglobin contained inside the erythrocyte. Thus
in order to obtain the absorption spectrum of the hemogiobin
molecules, it is useful to rupture the erythrocyte membrane
and release the hemoglobin into solution. When this is done,
the medium is cailed hemolyzed blood. The specific absorption
coefficients (defined later) of Hb and HbO: is hemolyzed blood
are illustrated in Fig. 24, obtained from composite data by
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Fig. 25. Forward scattered intensity plotted versus scattering angie §
for erythrocytes. (a) Isolated erythrocytes. (b) Whole blood, sample
thickness d = 75 u, A=0.8 u, for different hematocrit values.

Barer [99] and Horecker [101]. A strong absorption band is
centered at 414.5 nm, called the Soret band, with minor
absorption peaks in the 550-nm region. Oxyhemoglobin
HbO; has low absorption in the red portion of the spectrum
compared to Hb. Thus blood “looks” red when oxyhemoglobin
molecules are predominant. At A =548, 568, 587, and 805 nm,
the absorption values are equal, and these wavelengths are
called isosbestic points.

Observers have noted that there is a greater net absorp-
tion when hemoglobin is packaged in erythrocytes (whole
blood) as compared to being in solution (hemolyzed blood).
The increased absorption is due to erythrocyte scattering
effects. The relative intensity of forward-scattered light of
isolated erythrocytes as a function of scattering angle 8 has
been obtained experimentally [101]-[103] and is shown in
Fig. 25(a). The shoulder in the curve near 8° has been
attributed to a secondary diffraction peak effect. Scattering
data for whole blood have also been obtained {104], as shown
in Fig. 25(b). Note that for low hematocrit H a very narrow
beam of transmitted light is obtained, indicating that much
of the transmitted light is not scattered. As hematocrit
increases, the transmitted beam broadens, indicative of in-
creased scattering. The #=0° intensity is lowered with in-
creased H due to increased absorption and scattering. Note
the striking effect at high hematocrit H=0.81 of increased
transmittance and the reappearance of an unscattered narrow
beam on top of a broader scattered beam. The increased
transmittance is due to a decreased amount of scattering, as
the absorption must necessarily increase. Scattering for low
hematocrit values principally occurs at the erythrocyte sites.
Increased hematocrit means an increased number of erythro-
cytes and increased scattering. For higher hematocrit values
H>0.5, the erythrocytes pack together to form a homog-
enous mass of absorbing hemoglobin material, and the
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Fig. 26. Optical density plotted versus blood layer thickness d.
Experimental data points are shown for A=0.80 u, H =0.35.
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Fig. 27. Optical density plotted versus hematocrit for different

blood sample thicknesses d, for A==0.80 u.

scattering occurs at the plasma cavities located between
masses of red blood cells, The plasma cavities decrease with
increased hematocrit, thus decreased scattering is observed
with increased hematocrit at larger H values.

Measurements have been obtained for transmittance T
and reflectance R of thin whole blood samples. Fig. 26 shows
density OD =logio(T™?) versus sample thickness & at A =0.80
u. Note that a straight line Lambert—-Beer law result is not
obtained. The curvature is due to scattering effects, as de-
scribed later. Fig. 27 shows an increase and subsequent de-
crease in OD versus H, for different d values [104]. Similar
results for reflectance are shown in Fig. 28 for different sample
depths {105]. The increase and subsequent decrease in OD
and reflectance as a function of hematocrit is caused by
changes in scattering from the erythrocytes.

2) Skin: Optical (particularly ultraviolet) effects in skin
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Fig. 30. Spectral transmittance of excised white human skin
in the visible and infrared spectrum.

have been studied extensively [106]. A comprehensive paper
by Hardy et al. [107] establishes the scattering and absorbing
properties of skin. Fig. 29 shows OD versus skin layer thickness
for several wavelengths [107]. The 2.2-u curve is a straight
line indicating that at this longer wavelength, skin trans-
mission is largely governed by the Lambert—Beer law. At
shorter wavelengths, considerable bending of the curves is
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Fig. 31. Reflectance spectrum of very fair complexioned white skin,

and very dark American black skin in the visible and near infra-
red.

observed, indicating the presence of other phenomena such
as scattering. The transmittance versus wavelength charac-
teristics for skin in the ultraviolet-to-infrared regions are
illustrated in Fig. 30. Note that transmission rises very
rapidly as wavelength is increased above 0.3 u. The skin
heavily absorbs UV radiation, providing a protection for the
underlying tissues that are damaged by UV. The inefficiency
in this protection gives rise to sunburn. Beyond 1.4 pu, the
transmission curves follow closely the transmission charac-
teristics of water.

Reflectance versus wavelength from both light and dark
skins has been measured [108], [109], and is shown in Fig.
31. Reflectance in the near infrared is determined by scatter-
ing sites in skin and the transmission characteristics of water.

D. Scattering and Absorption

A homogeneous absorbing medium with no scattering
obeys the simple one-dimensional exponential law of absorp-
tion called the Lambert—Beer law. The absorption per centi-
meter o causes a reduction in wave intensity I* traveling in
the 4z direction according to dI*t= —al*dz. Thisisintegrated
to obtain the Lambert-Beer law

I+(2) = I+(0)e=* (11) -

where I1(0) is the intensity at =0. Transmittance T becomes
T =¢. The Lambert-Beer law is often applied to a solution
of molecules that absorb optical energy, for example, various
protein molecules. Clearly, « is dependent on the molecular
concentration C as well as the specific absorption properties
of the molecular species given by the parameter x:

a = Ck.

The concentration C is expressed in moles-cm™, and «,
defined as the specific absorption coefficient for the material,
has the dimensions cm?- mole™!. Values of « for Hb and HbO-

were given previously in Fig. 24. For a sample thickness d,
optical density becomes

0D = 0.4343Cxd. (12)

Note that for a purely absorbing material described by the
Lambert—Beer law, a plot of OD versus d results in a straight
line, the slope of which is proportional to the specific absorp-
tion coefficient for the absorbing medium and the concentra-
tion. OD measurements can be used to determine the con-
centration of molecular species, knowing « and d.

When the radiation wavelength approaches the size of an
object or inhomogeneity in the medium, scattering occurs.
substantial deviations from the Lambert—Beer law due to
scattering are present in whole blood, and in skin for the
shorter wavelengths. The historical analytical approach to
this problem originated with the work of Schuster [110] in
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his attempt to describe optical scattering through atmo-
spheres of distant stars. This work was subsequently modified
[t111]-[113}, and popularized by Kubelka and Munk {114},
and later by Kubelka [115]. Subsequent modifications have
been extensive [116]-[119]. We are particularly interested in
the application of Schuster's work to the understanding of
optical absorption and scattering in biological material, such
as blood and skin [120}-[122].

Schuster's two-flux theory is one-dimensional and applies
only to diffuse flux. A+3z traveling diffuse intensity I+
generates a— g propagating diffuse intensity I due to scatter-
ing sites in the absorbing material. The scatterers in the
material are characterized by an absorption cross section
¢, and a backscattering cross section ¢,”. The differential
intensity dI~ generated within dz for a scatterer volume
density p is dI~=po, I*dzs. By analogy, the amount of I+
generated by the presence of I~ is dI* = pe,~I~dz. General dif-
ferential relations describing It and I~ in the material may
now be written. Each wave loses intensity due to absorption
and backscattering, and gains intensity from backscattering
of the other wave.

ar+

= ~ploa + o) + po~I- (13)
z

ar-

—— = p(os + o) — pa,I+. (14)

dz

Note that when ¢,”=0 in (13), then (11) is obtained with
a=pg,. Since p is proportional to C, the specific absorption
coefficient « is proportional to ¢..

We desire solutions to (13) and (14) for a semi-infinite
absorbing and scattering medium occupying the space 3>0.
It is assumed that at =0, an I* wave is impressed on the
medium of intensity I*+(0).

Exponential solutions are appropriate.

1+(z) = I*(0)ev* (15)
I~(z) = I-(0)eve* (16)

where I7(0) and ¢ are
O =277 1) an
a=a¢1/1+2°‘—~ (18)

Of great interest in practical biomedical instrumentation
is reflectance R, defined as I=(0)/I%(0):

[ oy
R=1+—T(1—1/1+2 )

g, Ga
Solutions of (13) and (14) for a slab medium occupying

the space 0 <z <d are now sought. In this case, an exponen-
tial solution of the form

(19

I+(z) = Clt"" + Cze-"' (20)
is obtained, and from (13) and (14) the corresponding solu-
tion for I is
U¢+0’.._+0' a'a+°'c-—'

I-(z) = id Cre?es.  (21)

Cre* +

£} s
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It is again assumed that It=7%+(0) at z=0. At z=d we set
I=(d) =0. Equations (20) and (21) may be solved in accord-
ance with these boundary conditions to obtain the results

I+(Z) ePTs — A ppo(2d—2)

I70) 1 — Aewed (22)
I7(5)  oat o +ofers — Aeprlti-a)
0 e ( 1 — Aetord ) 23)
where o is given (18), and
4= 77 : vt (24)
[ Gy — O

Using (22) and (23), expressions for reflectance and trans-
mittance for a slab medium may be obtained.

a¢+v.+a(1—ez’">
N 1 — Aetord

1~ 4
T = (—-——————-—) erd,
1 — Ae%d

For application of these relations to whole blood, one must
write the dependence of scattering on hematocrit H. The
absorption cross section ¢, depends on the relative propor-
tion of hemoglobin and oxyhemoglobin in the erythrocyte,
and is believed not to vary significantly with H. The back-
scattering parameter ¢,~ clearly depends on H. An isolated
erythrocyte has a backscattering cross section denoted as
8,~. As hematocrit increases, the scattering due to erythro-
cytes decreases significantly, as explained previously. Hemato-
crit is related to scatterer density p and erythrocyte volume
v by the relation H=py. The scatterer parameters become

He,
v

e 2TEA-B )

14

R

(25)

G

(26)

po. = 27)

where the simple multiplying factor (1—H) describes the
variation of ¢, from &,~ at H=0 to zero at H=1{123].

Although the two-flux theory has been very popular and
has helped to explain qualitatively some optical effects in
biological materials, quantitative results have not been ob-
tained since the theory is restricted to a one-dimensional
geometry and to diffuse flux. These restrictions greatly limit
the applicability to experimental apparatus. Nonetheless,
application of (25) and (26) describes very well the qualita-
tive behavior of Figs. 26-28. In addition, the equations de-
scribe observed changes in OD and R with oxygen saturation
which affects o,. We can conclude that the parabolic-shaped
OD and R versus H curves in Figs. 27 and 28, as well as the
nonlinear OD versus d curves in Figs. 26 and 29, are due tc
scattering effects in the absorbing material.

E. Optical Diffusion Theory

More sophisticated attempts to describe wave scatterin
and absorption effects can be categorized into either a “phe
nomenological” approach based on Schustet’s work and pre
gressing into neutron transport theory and radiative tran
port theory [124]}, [125], or an “analytic” approach based «
Maxwell's field equations and dealing with averaged fiel
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quantities {126]. An optical diffusion theory that assumes
isotropic scattering has emerged from the phenomenological
approach as a means of describing some of the observed
phenomena in biological materials with a promising degree
of quantitive precision and with analytical simplicity
[122], [127], [128]. A simple visual observation of light
propagation in blood is highly suggestive of a diffusion pro-
cess, despite the fact that erythrocyte scattering is known to
be not isotropic (see Fig. 25). Quantitative measurements
have since shown the partial validity of a photon diffusion
theory for blood [129]-[131].

The basic integral equation from radiative transfer theory
and other approaches is [132]

wp(r')eRM
p(r) = po(n) + ey av’ (29)
where
r field point position (x, v, %),

r and V' source point position (x', ¥, 3') or source volume
in the integral.

P total photon density,

Po density of unscattered photons (from an optical
source),

w probability that a photon collision results in
scattering (not absorption),

A photon mean free path,

R =|r—r}|.

This integral equation may be obtained from photon conser-
vation considerations taking into account absorption and
isotropic scattering {133]. It is assumed that the probabili-
ty for a photon to have a free flight over a distance R is
exp (—R/N).

The exp (—R/A) term in the integral of (29) causes the
integrand to receive its major contributions close to R=0,
where | 7’| =|r|. This suggests an approximation for p(r') in
the integrand consisting of the first term in a Taylor’s series
expansion.

p(r') = o(r) + [(F = 1)-V]o(r)
= o(r) — R-Vp(1).

Using this approximation in (29) gives the standard diffusion
differential equation

(v= ] “’)> g B0 (30)

wA?

which describes the spatial distribution of total photon den-
sity p in terms of the unscattered source photon density pq.
The optical intensity or photon flux, denoted as I, is de-
sired. T, is related to p by the expression I'y= — DVp, where
D is the diffusion coefficient. In terms of the parameters used
here, D =wvA/3, where v is the photon velocity.

By the nature of diffusion theory, the basic differential
relation (30) does not apply near a boundary. A simple ap-
proximate boundary condition commonly used is p=0. More
rigorously, one must use the integral form (29) in order to
obtain a relation between the parameters that hold at the
boundary. The planar boundary between a diffusing medium
and a nondiffusing medium requires an evaluation of the
integral over a half-space, assuming p (') =0 in the other half-
space. This results in a relation between p, Vp, and pg at the
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boundary [133]:
WA -
(1 — w/2) +z Vo-n = py (31)

where 71 is a unit vector pointing normally away from the
diffusing medium. Note that for po=0, w=1, (31) gives

dp
p = 05\ — (32)
an

whereas the accepted value from radiative transfer theory is

0p,
g = — 0.7\ — (33)
dan

where p, =p —po. These two boundary relations are for differ-
ent photon parameters and derived under different approxi-
mations, so it is difficult to say which is more correct for this
application. The form of the results is identical.

It has been found that use of the diflerential equation
with the boundary condition gives surprisingly good results.
In light of the usual difficulty encountered in trying to solve
the integral equation, the diffusion theory approximation is
extremely important and valuable. The diffusion equation
can be used to find p, where p is required to satisfy a boundary
condition. Photon flux I', is then obtained from p.

Solutions to diffusion equation (30) can be obtained using
Green's function techniques. For example, for an infinite
scattering medium, one can use the infinite medium Green's
function to write the solution for p:

e—Hllg

1) = —
p(1) wA?Jy 4xR

po(r")av’ (34)

where Aa=Av/0/3(1—w) is a diffusion “penetration depth.”
Simple solutions are obtained in the far-field region where
]rl >>l 7’| at positions far from the region of source photons p,:

3 e
[ wotrrav
V’

4wl
For a slab medium in the region 0 <z<d, a Green's func-
tion solution has been obtained using the simple p =0 boundary
condition at =0 and ¢ [131]. Assuming no ¢ variations in a
cylindrical 7, ¢, 2 coordinate system gives

nxz
6 sin (—-—)
d
dwA?
o © d ” Z,
-3 f f [sin (—3—) po(?, r’)dz’]
nel 0 0

[IO(Anr) KOO‘n',)]
. r'dr
Io()\nfl) Ko(M')

o(r) =

p=

(35)

where

=)+ (5
T\ i/’
The upper terms in the square brackets are used for || >|7r|,

and the lower terms are used for |r'| <|r|. This resuit has
been applied to the case of a cylindrical beam of incident
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Fig. 32. Reflectance plotted versus hematocrit of whole human blood

at three red wavelengths. Experimental data are shown by the circles,
and theoretical diffuse reflectance curves from optical diffusion theory
are shown by the solid lines, normalized at peak reflectance for the
A=0.60 u curve only.

photons po of radius b. The result for diffuse reflectance R is

R= 2 f) An[1 = (V)P |(Y = 2)

ne=l

(36)

where

¥ = Ab[KoAnb)11(And) + ToAnb) K1(A0d)]
2a
bz

L) K1(Ana)

!

A

A\ nal\? d
NENORE:

PV d NTA
and @ is the radius of the receiving aperture.

We are now in a position to make quantitative comparison
of the optical photon diffusion theory with experimental re-
sults on whole blood. Assuming absorption changes with
wavelength proportional to the specific absorption coefficient
k, and scattering changes due to changing hematocrit by
(28), a comparison of (36) with experimental results [105]
is shown in Fig. 32. Peak reflectance is normalized to the ex-
perimental peak reflectance for the A=0.60 data only. The
experimental data points compare encouragingly well with
the diffusion theory. This approach is now being used to help
understand a variety of optical propagation effects in bio-
logical materials and to help design optical bioinstrumen-
tation.

2

F. Oplical Bioinsirumentation

The absorbing of scattering properties of biological ma-
terials can be utilized to make important material property
measurements. For example, knowing the specific absorption
coefficient of a molecular species, the concentration can be
obtained by an optical absorption measurement. In a clinical
chemistry laboratory, various reagents are combined with
specific biologically important ions and molecules to gener-
ate new colored compounds especially suited to optical mea-
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Fig. 33. Finger transmittance and reflectance pulsations
at the heart rate.

surements. A vast and automated technology has been built
up based on this procedure.

Optics technology has also been applied to making im-
portant measurements on natural biological tissue. Two
important applications will be discussed; the propagation of
light through the skin and underlying tissue to measure blood
volume (photoplethysmography) or anatomy (transilluminal-
tion), and optical spectrophotometric techniques to measure
oxygen content in blood (oximetry).

1) Transillumination and Photoplethysmography: Cellular
tissue is relatively transparent in the near infrared compared
to the visible, transmitting from 2 to 3 percent in a l-cm-
thick sample [134]. However, blood is about 100 times more
absorbing [135]. Obviously, air-filled structures, such as
sinus cavities and the oral cavity, and clear fluid-filled struc-
tures, such as certain types of cysts and cerebrospinal fluid
in the brain, absorb very little optical radiation. These gross
discrepancies in optical absorption can be used to make
qualitative judgments about the amount of a specific ‘tissue
type in an illuminated area. For example, by illuminating
the oral cavity and sinuses, it can be determined by trans-
mitted light through the face whether the sinuses are clear
or congested. Transillumination of cysts in the testes has
proved useful in determining whether the cysts are solid or
accumulations of water.

Hydrocephalis (water on the brain) in infants is caused
when the circulation of cerebrospinal fluid in the brain and
spinal column is obstructed. When this occurs, the head is
enlarged by pockets of clear fluid. The location and extent of
this fluid can be observed by the use of a flashlight or chielded
lamp in a darkened room [136]. A pulsed infrared trans-
illumination device has been developed which can quantita-
tively measure head optical density [137].

The very large difference in absorption between blood and
tissue in the near infrared means that transilluminated tissue
total absorption may show periodic changes due to changes
in tissue blood volume. This effect has been used to obtain
indications of peripheral blood volume and pulse volume
changes. This technique is termed photoplethysmography
[138] and has been used to look at changes in the distribution
of blood flow due to a variety of physiological causes. Re-
flected and transmitted light patterns give very similar re-
sults, as expected from the diffusion-like optical propagation
processes involved [139]. Typical transmittance and re-
flectance variations with time through a finger are shown in
Fig. 33.

2) Oximetry: One of the principal applications of optical
propagation in blood is for the determination of blood oxygen
saturation 0S. Spectrophotometric techniques for measuring
OS using transmitted light have been developed. The blood
is hemolyzed, releasing HbO, of concentration Co and Hb
of concentrtaion C; into solution.
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It is convenient to introduce a new definition for x in
terms of 0S.

k= &k + OS{ko — %) 37

where « is the specific absorption coefficient for HbO: and
xr is the specific absorption coefficient for Hb. From the data
shown in Fig. 24, x¢=0.10X10% and x,=0.80X10¢ at A=0.66
i, and ko=, =0.20X10¢ at A=0.80 x. This expression states
that the average « of the two-species medium consists of a
simple average of the two coefficients in proportion to their
relative concentrations. With this expression introduced into
(12), one obtains

0D = 0.4343Cd[k, + OS(xe — x,)]

where C=Co+C, is the total hemoglobin concentration.
Measurements at two wavelengths are made, commonly near
0.66 u where a large difference exists between the specific
absorption coefficients for the two species of hemoglobin, and
at 0.80 u where the two specific absorption coeflicients are
equal. The ratio of the two optical densities yields a result
for OS:

Ke}

Kp2 OD (red)

oS -
Key = KoL OD (infrared)

(38)

Kr1 = Ko1

where subscript 1 refers to the red wavelength and subscript 2
refers to A =0.80 x. In practice, one uses 0S=A4 — B O0D(red)/
OD(infrared), where A4 and B are constants obtained from a
calibration procedure. An oximeter instrument measures the
two OD values, performs the indicated algebraic operationsin
(38), and presents the OS value. A popular instrument of this
type is the Instrumentation Laboratories model 182 CO-
oximeter [140].

Oxygen saturation determinations can also be made using
light reflected from whole blood. Reflection oximetry is con-
venient because it is unnecessary to hemolyze the blood and
pass it through special apparatus. One commercially available
instrument requires the deposition of a small amount of
whole blood into a glass cylinder [141 ] Light is reflected from
the base of the cylinder and monitored to make the determi-
nation of 0S. Another technique for measuring OS continu-
ously in the living body involves the use of a fiberoptic
catheter [142]-{148] in which fiberoptics are used to carry
light to and from a measuring site. The reflectance equation
for a semi-infinite medium, given in (19), provides the basis
for this instrument. In order to determine 0S5, it is convenient
to define g, in a way analogous to (37):

Ga = Gar + OS(UGO - Ucr) (39)

where o, is the average absorption cross section of an erythro-
cyte containing only Hb, and ¢.0 is the average absorption
cross section of an erythrocyte containing only HbO, The
backscattering cross section ¢,” is assumed not to vary with
0S or wavelength over a limited range. The ratio of back-
scattered light intensity at infrared and red wavelengths
has been shown from empirical studies to be related to OS by

R (infrared)
R (red)

0S=4-—-B

(40)

where A4 and B are constants that depend on blood param-
eters. This result can be approximately obtained from (19).
Moaveni [149] has determined approximate values for aver-

70

1019
[
-y
0.8
0.6+
0.4
-l
02 0.924 AR 100y
0.8Qu
o 1 T R J L] L
(] [oX.} 1.0 1.5 20 23
RiMg)
R (XR’

Fig. 34. Theoretical plot of oxygen saturation versus infrared-to-red
reflectance ratio for three different infrared wavelengths. Red wave-
length isA =0.66 .
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Fig. 35. Block diagram of fiberoptic catheter oximeter:
using puised light-emitting diodes.

age erythrocyte cross sections at A=0.80 u and H=0.42 of
o, =0.47 u? and ¢, = 0.12 u2. Using these cross-sectional values
and inferring changes in o, with wavelength proportional to
the specific absorption coefficient for hemoglobin, as shown in
Fig. 24, (19) and (39) can be used to plot theoretical OS
versus infrared to red reflectance ratio curves. For A,=0.66
4, and infrared wavelengths of 0.80, 0.92, and 1.00 u, theoreti-
cal results in Fig. 34 show nearly linear curves for Ai;=0.80
uand 0.92 u, agreeing with the empirical result of (40).
Fortunately, gallium arsenide phosphide and gallium
arsenide light-emitting diodes are available at A=20.65 p and
A =20.92 u so that practical instruments can be developed with
linear output [148]. Such an instrument is illustrated in Fig.
35 in block-diagram form. Three sets of intermeshed fiber-
optic strands are located in a hollow tube called a catheter.
Two sets of fiberoptic strands transmit red and infrared light
to the tip of the catheter, while a third set of fibers transmit
light reflected from blood at the tip of the catheter back to a
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Fig. 36. Calibration plot showing correlation between oxygen saturation
determined by the fiberoptic catheter oximeter and simuitaneously
drawn samples analyzed by the CO-oximeter. In vivo resuits were
obtained from the adult catheterization laboratory and the coronary
care unit.

photodetector. A pulse generator develops a 200-Hz square-
wave pulse train which triggers the driving circuits for the
{ight-emitting diodes. The diodes are pulsed alternately, pro-
ducing two separate channels of red and infrared wavelengths,
respectively. The spectral width of the light-emitting diodes
is approximately 40 nm. The puise generator also sends syn-
chronous pulses to sample-and-hold circuits so that when the
red light-emitting diode is turned on, a channel to the red
circuit is opened; when the infrared light-emitting diode is
turned on, a channel to the infrared circuit is open. Reflected
red and infrared light returning from the blood is detected,
amplified, and sent to sample-and-hold circuits. The output
of the sample-and-hold circuits are two analog voltages E,
and E; corresponding to the levels of red, and infrared re-
flectance, respectively. The ratio of these two reflectance
levels is proportional to the OS as given in (40). A direct con-
version to OS can be made by introducing the 4 and B con-
stants determined from calibration experiments. In vivo
results, given in Fig. 36, show good correlation between OS
determined by the Instrumentation Laboratories CO-oxi-
meter and the fiberoptic catheter oximeter.
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